Philadelphia chromosome-positive (Ph + ) leukemia is driven by the constitutive enzymatic activity of the BCR-ABL1 fusion kinase. 1 Tyrosine kinase inhibitors (TKIs) that block the activity of BCR-ABL1 are successfully used clinically to treat chronic myeloid leukemia (CML) and Ph + acute lymphoblastic leukemia (Ph + ALL). The Food and Drug Administration (FDA) granted regulatory approval for the first of these, imatinib, in 2001. Emergence of clinical imatinib resistance, chiefly due to BCR-ABL1 kinase domain mutations, motivated the development and regulatory approval of new TKIs, including nilotinib, dasatinib, bosutinib and ponatinib. [1] [2] [3] One strategy, as exemplified by nilotinib (Figure 1a ), is rational design of imatinib derivatives with substantially higher binding affinity. Nilotinib is approved for first-line use in the USA and is an order of magnitude more potent than imatinib, which translates into improved inhibitory activity against many of the common BCR-ABL1 mutants. 4 The most important mutational liability is BCR-ABL1 T315I , which is completely insensitive to all approved TKIs except ponatinib. 1, 5 Radotinib (IY5511HCl; Supect) is an oral, high-affinity BCR-ABL1 inhibitor that bears strong structural resemblance to imatinib and especially to nilotinib (Figure 1a ), and was approved in Korea for second-line CML treatment in 2012. One stated motivation for developing radotinib is to provide emerging geographic regions with a more affordable option compared to other second generation TKIs. 6, 7 An interim report on the efficacy and safety of radotinib in a phase II clinical trial enrolling chronic phase CML patients with resistance or intolerance to BCR-ABL1 TKIs, mostly imatinib, was recently released (clinicaltrials.gov identifier: 01602952). 7 At a minimum follow-up of 12 months and a median duration of follow-up of 2 years, the phase II clinical trial results suggest that radotinib is effective and well tolerated, with major and complete cytogenetic response rates comparable to nilotinib and dasatinib in similar patient populations. 8, 9 Our preclinical study was performed to gain a better understanding of the mutational liabilities associated with radotinib, currently in phase III clinical trials, and to better understand the binding mode of radotinib compared with the highly similar nilotinib.
A subset of patients (12/77; 16%) included in the report had one (10 patients) or two (2 patients) detectable BCR-ABL1 kinase domain mutations at baseline: M244V, M244V and H396R, G250E, Y253F and E355G, E255K, E255V, F317L, M351T, E355G, F359V (2 patients), and L387M ( Supplementary Table S1 ). 7 Our preclinical resistance-profiling panel includes 8 of the 10 mutated positions observed, with the exception of 355 and 387. The resistance profiles of radotinib and the five FDA-approved TKIs are compared in Figure 2 . In addition to radotinib being remarkably similar in structure to nilotinib, the two TKIs also have a similar resistance profile when examined via cell proliferation assay using Ba/F3 cells expressing native BCR-ABL1, BCR-ABL1 single mutants and BCR-ABL1 compound mutants. Our results forecast substantial resistance to radotinib for the above patients exhibiting a BCR-ABL1 mutation at any of the following positions: 250, 253, 255, 359. In contrast, mutations at positions 244, 317, 351 and 396 are predicted to confer little or no resistance to radotinib. Further follow-up on these patients was not available. In addition, newly emergent mutations on therapy were detected in six patients: E255V (two patients), T315I, F317L, F359V, E459K. Four of these occurrences (E255V x 2, T315I, F359V) are predicted to result in high-level radotinib resistance. F317L is predicted to be sensitive to radotinib ( Supplementary Table S2 ). E459K was not evaluated in this study, but is reported to be moderately resistant to imatinib and sensitive to nilotinib. 4, 10, 11 When comparing the nilotinib and radotinib IC 50 values within a given cell line, radotinib was more potent than nilotinib in two cell lines, but in both cases this was within the margin of error (native: 32.5 vs 30.6 nM, and M244V: 55.6 vs 50.8 nM). At the same time, nilotinib was significantly more potent than radotinib in several single mutants, including: G250E (306. Supplementary Table S3 ).
Immunoblot analysis confirmed that radotinib effectively blocks the tyrosine kinase activity of native BCR-ABL1 and the V299L, F317L and M351T point mutants, whereas the E255V mutant exhibited residual enzyme activity at intermediate concentrations of radotinib, in line with cellular resistance profiling ( Figure 2d ). The highest tested concentration of radotinib (2000 nM) did not diminish the kinase activity of the T315I mutant. Immunoblot analysis confirmed that radotinib was effective against a subset of non-T315I compound mutants composed of individually sensitive mutations (for example, V299L/F317L and V299L/M351T), but not compound mutants that included Y253H, E255V or F359V as a component (Figure 2e ).
We investigated the binding modes of nilotinib and radotinib using Docking simulations ( Figure 1b ). Modeling of radotinib into the ABL1 kinase domain revealed a similar but subtly different binding mode compared with that of nilotinib in the ABL1 crystal structure (PDB entry 3CS9). The two inhibitors bind nearly identically, with the important exception of the leftmost ring system in Figure 1a (boxed in red), pyridinyl in nilotinib as compared with pyrazinyl in radotinib. In the case of nilotinib, the pyridinyl nitrogen (N3) is positioned for optimal hydrogen bond interaction with residue M318 (Figure 1c ). However, the equivalent nitrogen (N5) in the pyrazinyl ring of radotinib is not used as the hydrogen bond acceptor for residue M318. Instead, docking simulation predicts that the other nitrogen (N2) is utilized to balance the beneficial hydrogen bonding interaction with minimization of steric clash between the ortho-nitrogen in the pyrazinyl ring and ABL1 residue Y253 (Figure 1d ).
Clinical trials for radotinib are ongoing 7 , and a phase III trial evaluating radotinib as a first-line agent is ongoing (clinicaltrials. gov identifier: 01511289). Despite its similarity to nilotinib, a driving force for the development of radotinib is that it may represent an affordable alternative to other TKIs. The dosing schedule for radotinib, as used in the phase II clinical trial, of 400 mg twice daily is identical to the recommended starting dose for nilotinib in the setting of resistance or intolerance. 8, 12 The recommended dose of nilotinib in the first-line setting is 300 mg twice daily. 13 The pharmacokinetic parameters for radotinib remain to be established. If steady-state levels are substantially different than for nilotinib, this could influence the range of point mutants that are clinically controllable with radotinib. Another consideration is the safety profile. Although nilotinib is generally well tolerated, a number of adverse events have been reported, such as headaches, skin rashes, hyperglycemia, and elevated lipase and transaminases. 13 The types and severity of adverse events reported with radotinib appear similar. Longer follow-up will be required to determine whether radotinib shares the recently reported cardiovascular toxicity of nilotinib. 14 Overall, the in vitro efficacy of radotinib is comparable to that of nilotinib against native and single BCR-ABL1 mutants, and this is reflected by the similar activity in patients with imatinib failure. 7 Radotinib has less in vitro activity than nilotinib against several compound mutants, which may translate into reduced clinical activity in patients with these mutations. This study provides a detailed summary, from a mutated BCR-ABL1 perspective, of how radotinib fits into the already available TKI arsenal. An in-depth understanding of the binding mode of radotinib and nilotinib, as well as a complete in vitro TKI resistance profile is particularly important owing to high structural similarity between radotinib and nilotinib. The inactive conformation of the ABL1 kinase domain in complex with nilotinib was chosen for docking simulation purposes. The crystal structure (PDB entry 3CS9) 4 was prepared by removing nilotinib from the crystal structure and hydrogen atoms were added using Schrödinger Protein Preparation tool (Schrödinger LLC, New York, NY, USA, 2012). 15 Prime module was invoked to build any side-chain atoms missing in the crystal structure. All possible protonation and tautomer states were generated (apparent pH in the range 7.0 ± 2.0). The position of the hydrogen atoms was further refined by minimizing the structure with heavy atoms restrained using the OPLS-AA force field to a maximum atompositional root-mean-square deviation (RMSD) of 0.3 Å. Docking calculations were performed using Glide (Schrödinger, LLC) and a scoring grid was precomputed by placing an outer cubical box of length 22 Å and an inner box of length 14 Å centered at the nilotinib binding site. The hydroxyl groups of all Ser, Thr and Tyr residues in the vicinity of the binding site were allowed to be flexible during the grid generation process. Chemical structures of radotinib and nilotinib were sketched using Maestro program and minimized using LigPrep module (version . BCR-ABL1 mutant sensitivity profile to radotinib and five approved TKIs (a, b) Ba/F3 BCR-ABL1-expressing cells were distributed into 96-well plates (2 × 10 3 cells per well) and incubated in two-fold escalating concentrations of dasatinib, ponatinib (0-768 nM), imatinib, nilotinib, radotinib or bosutinib (0-10 240 nM) for 72 h. Proliferation was assessed by methanethiosulfonate (MTS)-based viability assay (CellTiter 96 AQueous One; Promega). IC 50 values are reported as the mean of three independent experiments performed in quadruplicate. Cell proliferation IC 50 values of TKIs against BCR-ABL1 (a) single mutants, (b) compound mutants. Mean IC 50 values are plotted (see Supplementary  Table S3 ). (c) Heat map of TKI IC 50 values for single and compound mutants. A color gradient from green (sensitive) to yellow (moderately resistant) to red (highly resistant) denotes the IC 50 sensitivity to each TKI: imatinib (green: o1000 nM; yellow: 1000-4000 nM; red: 44000 nM); nilotinib (green: o 200 nM; yellow: 200-1000 nM; red: 41000 nM); radotinib (green: o200 nM; yellow: 200-1000 nM; red: 41000 nM); dasatinib (green: o25 nM; yellow: 25-150 nM; red: 4150 nM); ponatinib (green: o 25 nM; yellow: 25-150 nM; red: 4150 nM); bosutinib (green: o150 nM; yellow: 150-1000 nM; red: 41000 nM). (d, e) Ba/F3 cells expressing (d) native, single mutant or (e) compound mutant BCR-ABL1 were cultured for 4 h in standard medium alone or with escalating concentrations of radotinib. Following radotinib exposure, cells were lysed (0°C; 30 min.) in 30 μl RIPA buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 1 M Tris (pH 8.0)) containing protease (Complete Mini, Roche) and phosphatase (PhosStop, Roche) inhibitors. Samples were denatured by boiling for 10 min in SDS-PAGE loading buffer. Lysates were separated on 4-15% Tris-glycine gels, transferred and immunoblotted with antibodies for the BCR N-terminus (3902; Cell Signaling Technology) and phospho-ABL1 (2865; Y393 (1a numbering); Cell Signaling Technology). Recently, missense mutations in casein kinase 1A1 (CSNK1A1) have been described in individual patients with myelodysplastic syndrome (MDS) and deletion of 5q (n = 4) 1,2 and in a patient with MDS and a normal karyotype (n = 1). 3 The serine-threonine kinase casein kinase 1α (CK1α) is encoded by CSNK1A1 and is located in the common deleted region at 5q32. It has been described as a tumor suppressor gene in colon cancer and acute myeloid leukemia through regulation of β-catenin and TP53. [4] [5] [6] CSNK1A1 mutations have been functionally characterized as nonloss-of-function mutations, as expression of mutant CK1α in CSNK1A1-null mice rescued hematopoiesis in these mice, which otherwise died from bone marrow failure. 1 Mutant CK1α enhanced β-catenin expression but did not activate p53. 1 Deletion of 5q is one of the most frequent cytogenetic aberrations in MDS and is associated with distinct clinical characteristics, disease course and sensitivity to lenalidomide. MDS with isolated deletion of 5q is a distinct entity in the 2008 World Health Organization (WHO) classification and patients mostly present with anemia, while platelet counts are often elevated. The common deleted region spans 1.5 Mb on 5q32 (ref. 7) and harbors 44 genes and 6 microRNAs. Haploinsufficiency of one of these genes, RPS14, has been shown to inhibit erythroid differentiation in vitro, 8 whereas loss of miRNA-145 and miRNA-146 recapitulates thrombocytosis and megakaryocytic dysplasia in mice. 9 Isolated deletion of 5q is associated with a favorable prognosis in MDS. However, the prognosis is less favorable, if a mutation in TP53 co-occurs in patients with del(5q) MDS. 10 Symptomatic improvement and even cytogenetic remission can be achieved with lenalidomide, which is specifically active in MDS patients with 5q deletion. 11 The purpose of the present study was to characterize the frequency and potential clinical impact of CSNK1A1 mutations in MDS and AML following MDS in a large cohort of patients.
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Two hundred and thirty-seven patients with MDS or AML following MDS (secondary acute myeloid leukemia (sAML)) and deletion of chromosome 5q and 406 patients with MDS/sAML without deletion of chromosome 5q were included in the current analysis (n = 643 in total). Patients with MDS (n = 479) or sAML (n = 164) were cytogenetically evaluated by G-or R-banding analysis and molecularly analyzed for mutations in exons 3 and 4 of CSNK1A1, the region critical for the kinase function, by Sanger sequencing. Additional 94 patients with del(5q) and 92 non-del (5q) patients were sequenced for all exons of CSNK1A1. Primer sequences and cycling conditions can be found in the Supplementary data. Patients with mutated CSNK1A1 were also analyzed for mutations in TP53 and ASXL1 by next-generation sequencing or Sanger sequencing (primers and PCR conditions are available upon request). The PCR fragments were directly sequenced and analyzed using Mutation Surveyor software (SoftGenetics, State College, PA, USA). Details of statistical analyses can be found in the Supplementary data.
CSNK1A1 mutations were found in 17 (7.2%) of 237 patients with MDS or sAML and del(5q) (Figure 1a ). The mutation frequency was similar between patients with WHO-defined MDS with isolated del(5q) (n = 171, 7.6%) and patients with otherwise Accepted article preview online 24 February 2015; advance online publication, 20 March 2015
